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Table 1 Dimensions and specifications of the graphene electrode and 
the THQ functionalized graphene electrodes with different mass ratio. 
 
Dimensions and specifications of the DMQ functionalized graphene 
electrode, DHQ functionalized graphene electrodes and XQ 







   










































Schematic of Electrochemical Capacitor 
 
Ragone plot showing the specific power against specific 
energy for various electrical energy storage systems 
(Reprinted with permission, Ref 16 copyright (2008), Rights 
Managed by Nature Publishing Group) 
 
Schematic of Lithium-ion Battery 
 
Schematic of Hybrid Supercapacitor (Li-ion Supercapacitor) 
 
An organic future. Proposed sustainable organic-based 
batteries based on electrode materials made from biomass.  
(Represented from Ref 39 copyright (2008), Rights Managed 
by Nature Publishing Group) 
 
(a) GO-THQ mixture at different mass ratio before heat 
treatment. (b) Graphene hydrogel synthesized after heated for 
3 hours. 
 
(a) Thin film obtained by pressing hydrogel at 10 KN for 3 
minutes. (b) Electrode cut from the GH thin film. 
 
Experimental setup for Cyclic Voltammetry (CV), Charge-
Discharge test, Electrochemical Impedance Spectroscopy 
(EIS) and Cycling Stability test. 
 
Low-magnification Scanning Electron Microscope (SEM) 
images of the rGO aerogel and THQ functionalized graphene 
aerogel with different GO-THQ mass ratio. (a) rGO 
electrode, (b) GO-THQ 1:2, (c) GO-THQ 1:4 and (d) GO-
THQ 1:10 
 
XPS wide scan survey of the GO film and THQ 
functionalized electrodes with different mass ratios (1:4 and 
1:10). 














































































XPS C1s spectra of the GO film and THQ functionalized 
electrodes with different mass ratios (1:4 and 1:10). 
 
The mechanism of the synthesis process of the functionalized 
graphene. (Reprinted with permission, Ref 59 copyright 
(2014), Rights Managed by American Chemical Society 
Publishing Group) 
 
Comparison of the steady-state cycling voltammetry (CV) 
scans of  the  rGO electrode and THQ functionalized 
graphene electrodes with different THQ concentration ratios 
of 1:1, 1:2, 1:4 and 1:10 in 1 M H2SO4 electrolyte, the voltage 
window of the CV was 0-1 V 
 
CV at scan rates of 5 mV/s, 10 mV/s, 20 mV/s, 50 mV/s and 
100 mV/s for THQ functionalized graphene electrodes with 
different mass ratio. (a) GO-THQ 1:1, (b) GO-THQ 1:2, (c) 
GO-THQ 1:4 and (d) GO-THQ 1:10. 
 
Galvanostatic charge-discharge curves of rGO electrode and 
THQ functionalized graphene electrodes with mass ratio of 
1:1, 1:2, 1:4 and 1:10 in 1M H2SO4 electrolyte at current 
density of 1 A/g. 
 
Galvanostatic specific capacitance of rGO electrode and GO-
THQ electrodes with different mass ratio at 1, 2, 5, 10 and 20 
A/g 
 
Cycling stability test of rGO electrode, GO-THQ 1:4 and 1:10 
electrode in 1 M H2SO4 aqueous electrolyte at 5 A/g. 
Inserted the comparison of CV scans for GO-THQ 1:4 
electrode before and after 5000 cycles of cycling stability test 
at scan rate of 5 mV/s. 
 
Steady-state CV scans of the same GO-THQ 1:10 electrode 
at 5 mV/s on two different dates with time difference of 2 
months. 
 
Electrochemical Impedance Spectra of THQ functionalized 


















































































Steady-state CV scans at different scan rates, 5, 10, 20, 50 
and 100 mV/s for THQ functionalized graphene electrodes 
with different mass ratio in 1 M Li2SO4 electrolyte from 0 to 
1 V. (a) GO-THQ 1:1, (b) GO-THQ 1:2, (c) GO-THQ 1:4 and 
(d) GO-THQ 1:10. 
 
Steady-state CV scans at 5 mV/s scan rate for THQ 
functionalized graphene electrodes with different mass ratio 
in 1 M Li2SO4 aqueous electrolyte using various voltage 
windows. (a) GO-THQ 1:1, (b) GO-THQ 1:2, (c) GO-THQ 
1:4 and (d) GO-THQ 1:10. 
 
Comparison of the steady-state CV scans of the THQ 
functionalized graphene electrodes with different mass ratio 
of 1:1, 1:2, 1:4 and 1:10 in 1 M Li2SO4 electrolyte, the voltage 
window of the CV was 0-1.6 V at scan rate 5 mV/s. 
 
Galvanostatic charge-discharge curves of THQ 
functionalized graphene electrodes with mass ratio of 1:1, 
1:2, 1:4 and 1:10 in 1 M Li2SO4 electrolyte at current density 
of 1 A/g. 
 
Galvanostatic specific capacitance of GO-THQ electrodes 
with different mass ratio at current density of 1, 2, 5, 10 and 
20 A/g 
 
Cycling stability test of GO-THQ 1:10 electrode in 1 M 
Li2SO4 aqueous electrolyte at 1 A/g for 1000 cycles. Inserted 
the comparison of CV scans for GO-THQ 1:10 electrode 
before and after 1000 cycles of cycling stability test at scan 
rate of 5 mV/s. 
 
Comparison of the steady-state CV scans of the THQ 
functionalized graphene electrodes with different mass ratio 
of 1:1, 1:2, 1:4 and 1:10 in H2SO4-PVA gel electrolyte, the 





















































































Galvanostatic charge-discharge curves of rGO electrode and 
THQ functionalized graphene electrodes with mass ratio of 
1:1, 1:2, 1:4 and 1:10 in H2SO4-PVA gel electrolyte at current 
density of 1 A/g. 
 
Galvanostatic specific capacitance of rGO electrode and GO-
THQ electrodes with different mass ratio at current density of 
1, 2, 5 and 10 A/g. 
 
(a) Cycling stability test of GO-THQ 1:10 electrode in 
H2SO4-PVA gel electrolyte at 5 A/g for 2000 cycles. (b) 
Capacitance retention of the GO-THQ 1:10 electrode in 1M 
H2SO4 aqueous electrolyte and H2SO4-PVA gel electrolyte. 
 
  
(a) GO-XQ 1:1 mixture, GO-DMQ 1:1 mixture and GO-
DHQ 1:1 mixture before the hydrothermal reaction. (b) The 
GO-XQ, GO-DMQ and GO-DHQ graphene hydrogel 
obtained from the hydrothermal reaction at 165 ℃ for 16 
hours. 
 
Experimental setup for the cycling stability test. The cell was 
assembled and then wrapped with parafilm to avoid 
evaporation of the electrolyte. Instead of immersing the 
electrode into excess amount of electrolyte, this experimental 
setup is helpful to improve the cycling stability of the 
electrode in aqueous electrolyte. 
 
Low-magnification Scanning Electron Microscope (SEM) 
images of the quinone group molecule functionalized 
graphene aerogels. (a) XQ functionalized graphene aerogel, 
(b) DMQ functionalized graphene aerogel, (c) and (d) DHQ 
functionalized graphene aerogel. 
 
XPS wide scan survey of the quinone group molecules 
functionalized electrodes at 1:1 mass ratio. (top) GO-XQ 1:1 
electrode, (middle) GO-DMQ 1:1 electrode, and (bottom) 



















































































XPS C1s spectra of the quinone group molecules 
functionalized electrodes at 1:1 mass ratio. (top) GO-XQ 1:1 
electrode, (middle) GO-DMQ 1:1 electrode, and (bottom) 
GO-DHQ 1:1 electrode. 
 
Two-dimensional structures of quinone group molecules. 
 
Redox charge storage mechanism of the GO-DMQ electrode. 
 
Comparison of the steady-state CV scans of the rGO 
electrode and quinone group molecule functionalized 
graphene electrodes in 1 M H2SO4 electrolyte at scan rate of 
5 mV/s, the voltage window of the CV is 0 – 1 V. 
 
Steady-state CV scans at different scan rates, 5, 10, 20, 50 
and 100 mV/s for quinone group molecule functionalized 
graphene electrodes in 1 M H2SO4 electrolyte at 0-1 V. (a) 
GO-DHQ 1:1 electrode, (b) GO-DMQ 1:1 electrode, (c) GO-
XQ 1:1 electrode. (d) Comparison of steady-state CV scans 
of rGO electrode and quinone group functionalized 
electrodes at 50 mV/s scan rate, voltage window 0-1 V. 
 
Galvanostatic charge-discharge curves of rGO electrode, 
GO-DHQ 1:1 electrode, GO-DMQ 1:1 electrode and GO-XQ 
1:1 electrode in 1M H2SO4-aqueous electrolyte at current 
density of 1 A/g. 
 
Galvanostatic specific capacitance of rGO electrode, GO-
DHQ 1:1 electrode, GO-DMQ 1:1 electrode and GO-XQ 1:1 
electrode at current density of 1, 2, 5 and 10 A/g. 
 
Cycling stability test of quinone group molecules 
functionalized electrode and rGO electrode in 1 M H2SO4 
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Electrochemical energy storage devices are critical to the development of Electric Vehicles 
and sustainable transportation. Electrochemical Capacitor (EC), also known as the 
supercapacitor or ultracapacitor, is one of the potential energy sources for Electric Vehicles 
and Hybrid Electric Vehicles due to its high-power density and excellent cycling stability. 
However, ECs have low energy density due to the surface charge storage mechanism.[1] 
The ECs initially attracted attention for its potential on the short-term pulse applications. 
Recent years, due to the development of carbon-based energy storage materials, the energy 
density of ECs have been increased.[2, 3] Lithium-ion Battery (LIB) is another promising 
energy storage device, which provides high energy density but relatively low power density 
and cycling stability. The low power density is caused by the charge storage mechanism of 
LIB and the low cycling stability is mainly caused by the degradation of the anode during 
charging and discharging process. The insertion of Li+ ions into the anode leads to a 
significant volume change of the anode and result in the pulverization of the anode. 
Carbon-based materials such as Carbon Nanotube (CNT), Activated Carbon (AC) and 
Graphene are widely used as the electrode materials for energy storage devices like ECs or 
LIBs due to their high electrical conductivity, large surface area and low cost.[4, 5] 
Tremendous efforts have been put into the electrode materials research for high-
performance energy storage devices.[6] 
In this thesis, we demonstrated the possibility of bridging the gap between the 
electrochemical capacitor and the LIBs with self-assembled redox-active organic molecule 
functionalized graphene electrode. Firstly, tetrahydroxyl-1,4-benzoquinone (THQ) was 
 xv
introduced as reducing agent and functionalization agent simultaneously during the 
synthesis of the functionalized graphene electrode. The THQ functionalized electrode was 
tested in both aqueous and gel electrolyte, all showing great specific capacitance, 409 F/g 
in 1 M H2SO4 aqueous electrolyte at 1 A/g; 125 F/g in 1 M Li2SO4 aqueous electrolyte at 1 
A/g and 315 F/g in H2SO4-PVA gel electrolyte at 1 A/g. The electrode showed around 70% 
capacitance retention after 5000 cycles in H2SO4-PVA gel electrolyte at 5 A/g, while only 
maintained 35% of its initial capacitance in aqueous electrolytes after 5000 cycles.  
In the second half of this thesis, several quinone group molecules were introduced 
as functionalization agent of the hydrothermal reaction of GO, forming redox-active 
molecule functionalized electrodes. The electrodes were characterized and tested to 
determine their 3D microstructure and electrochemical performance. The 2,5-Dihydroxy-
1,4-benzoquinone (DHQ) functionalized electrode showed excellent performance in the 
electrochemical testing, exhibiting a specific capacitance of 511 F/g in 1 M H2SO4 aqueous 
electrolyte at 1 A/g, which is almost three times higher than the specific capacitance of the 
reduced graphene oxide (rGO) electrode. The excellent performance is accredited to the 
joint contribution of its unique 3D microstructure and the oxygen functional group 
integrated onto the graphene surface during the hydrothermal reaction. The DHQ 
functionalized electrode also exhibits a great cycling stability, stabilized at ~90% of its 
initial capacitance after 2000 cycles at 50 mV/s scan rate. This is because of the high 
reaction temperature leading to the robust integration of the oxygen functional group on 
the surface of the graphene layer. 
More works will be continued in the future to further investigate the quinone group 
molecules functionalized electrodes and the role of the methoxy group, methyl group and 
 xvi
hydroxy group in the synthesis process and the electrochemical tests. Other applications of 
the functionalized electrode will also be explored including electrodes for yarn 
supercapacitors as the energy source for wearable devices. The quinone group molecule 










Due to the limitations of Internal Combustion Engines (ICEs) and the regulations on 
conventional vehicles. The electrification of vehicles has been an irreversible trend for 
today’s ground transportation. With the rapid development of the electrical vehicles and 
the portable electronic devices, the demand for energy storage devices with high energy 
density, high power density and long cycling life has significantly increased.[7] 
Electrochemical energy storage devices have attracted considerable attention over the past 
decades. Among the devices, Lithium-ion battery (LIB) and Electrochemical capacitors 
(ECs) have attracted the most attention. The LIB was first commercialized by Sony in 
1991, with a gravimetric energy density of 120-150 W h/kg.[8] Both the ECs and the 
rechargeable batteries have the similar configuration, which consists of two electrodes 
(cathode vs. anode or positive vs. negative), a polymer separator that separates the anode 
and the cathode from physical connection and electrolyte that allows the ion transfer 
between the two electrodes. However, the charge storage mechanism for EC and LIB are 
different.[9, 10] 
 
1.2 Electrochemical Energy Storage Devices 
1.2.1 Electrochemical Capacitor 
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EC, also called as supercapacitor, is one of the most studied electrochemical energy 
storage devices.  The configuration of EC is shown in Figure 1.1, where the two electrodes 
are separated by a porous polymer film. The plate shown in Figure 1.1 is working as a 
current collector that connect both electrodes to the external appliance.  
Figure 1.1 Schematic of Electrochemical Capacitor 
 
Compared to LIBs, ECs have higher power density and better cycling stability.[11] 
There are two types of ECs, Electrical Double Layer Capacitor (EDLC) and the Pseudo-
capacitor. These two types of ECs have different charge storage mechanisms. For EDLC, 
the charges are mainly stored on the surface of the electrode.[12] During the charging 
process, the charges accumulate to the surface of the electrodes forming electrical double 
layers at the interface between the electrode and electrolyte. During the discharge process, 
the charges are desorbed from the surface of the electrodes (Figure 1.1). Thus, EDLC has 
much higher power density compared to LIB and other energy storage devices. However, 
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since the charges are mostly stored on the surface of the electrode, the electrochemical 
performance of EDLC mainly depends on the surface area of the electrode, pore size and 
electrolyte ions. Activated Carbon (AC), Carbon Nanotube (CNT) and Graphene are the 
most studied materials for EDLC electrode materials due to their high surface area, large 
pore size and relatively low price.[3, 5, 6] For pseudocapacitor, the charges are stored via 
faradic reactions that involve fast and reversible redox reactions between the electrolyte 
and the active materials.[13] Popular active materials for pseudocapacitor include the metal 
oxide and polymers.[14, 15] Figure 1.2 shows the specific power vs. the specific energy 
for various energy storage devices.[16] 
 
Figure 1.2 Ragone plot showing the specific power against specific energy for various 
electrical energy storage systems (Reprinted with permission, Ref 16 copyright 
(2008), Rights Managed by Nature Publishing Group) 
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1.2.2 Lithium-ion battery 
The charge storage mechanism for LIB is different from ECs; Li ions are intercalated 
into the active material during the charge/discharge process.  The configuration of LIB is 
shown in Figure 1.3, where the cathode and anode are made of different materials. [10] 
 
The cathode and anode are classified based on the reduction potential towards 
Lithium. Cathodes typically have a specific capacity of 150-300 mAh/g with a relatively 
high voltage range, 3.0-5.0 V vs. Li/Li+. Lithium transition metal oxides such as LiCoO2, 
LiMnO2 and phosphate materials such as LiFePO4 are the most commonly used materials 
Figure 1.3 Schematic of Lithium-ion Battery 
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for LIB cathode.[17, 18] During the charge process, the Li ions are intercalated into the 
cathode and form Lithium transition metal oxide.   
Anode has lower intercalation potential (0.1 V vs. Li/Li+). During the discharge 
process, the Li ions are deintercalated from the cathode and intercalated into the anode. 
Carbonaceous materials such as graphite are the most commonly used anode materials for 
LIB due to its low cost. For the graphite anode, the Li ions intercalate between the graphene 
layers and form the fully lithiated graphite, LiC6, which contributing a theoretical capacity 
of 372 mAh/g with a voltage window of 0.1- 3.0 V.[10] To achieve higher capacity, Si has 
been investigated since 2008, which has a theoretical capacity of 4200 mAh/g.[19]  
1.2.3 Hybrid Supercapacitors  
Over the past decades, a large amount of efforts has been devoted to bridging the gap 
between the high-power density ECs and the high energy density LIB.[20, 21] To enhance 
the energy density of ECs, the working voltage window needs to be increased. This can be 
achieved by replacing the aqueous electrolyte by non-aqueous electrolyte or ionic 
liquids.[20, 22]  For the LIB, the power density could be increased by optimizing the 
particle size and the structure of the electrode.[23, 24]  
Hybrid Supercapacitor (HS), so-called supercapacitor-battery hybrid system, is one 
of the potential solutions to the future energy storage device that produce both high energy 
density and high-power density. The configuration of the HS is shown in Figure 1.4, where 
one electrode for the device is a capacitive electrode and the other electrode is a battery 
 6
one electrode for the device is a capacitive electrode and the other electrode is a battery-
type electrode.[25]  
 
By replacing one electrode of the symmetric EC with a proper battery-type electrode 
that works in a higher potential range, the working voltage range of the cell is expanded 
compared with the symmetric cell.[26] The Hybrid Supercapacitors also have a 
significantly higher capacitance due to the large capacity of the battery-type electrode. The 
Figure 1.4 Schematic of Hybrid Supercapacitor (Li-ion Supercapacitor) 
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most investigated capacitive electrode materials include AC, CNT and graphene. These 
materials are widely used in as the capacitive electrode material due to their high electrical 
conductivity and high surface area. However, only EDLC is available in these materials, 
which limits the capacity of the capacitive electrode to less than 80 mAh/g in the voltage 
range from 3-4.5 V, which limits the energy density of the hybrid supercapacitors.[27] To 
solve this problem, tremendous efforts have been devoted to developing new capacitive 
electrode materials. Li et al showed nitrogen doped AC has a high specific capacity of 129 
mAh/g in the organic electrolyte at 0.4 A/g.[28] Lee et al showed the oxygen functional 
group functionalized carbon material (CNT and graphene) is redox-active toward the Li at 
~3.2 V vs. Li.[29, 30] The functionalized carbon materials can store charges via both 
electrical double layer capacitance and pseudocapacitance, which shows the potential of 
being the capacitive electrode (cathode) of the high-performance hybrid supercapacitor. 
With this method, various electrode materials were developed for the hybrid 
supercapacitor.[31-33] The intercalation-type carbon anode can be used as the battery-type 
electrode. Other material like metal oxide-carbon composite or Si-based materials could 
also be used as the anode for Li-ion hybrid supercapacitor.[34-36] Several electrolytes 
could be used in the Hybrid Supercapacitors, including aqueous (H2SO4, Li2SO4 and KOH 
etc.), non-aqueous (Lithium Hexafluorophosphate (LiPF6)–ethylene carbonate (EC)–ethyl 






1.3 Renewable Organic Electrode Materials 
With the electrification of vehicles, the demands for the rechargeable battery will 
keep increasing in the future. Transition metal oxides are widely used as the cathode 
material for commercial rechargeable batteries. However, transition metals such as Ni, Mn 
or Co are not renewable. Due to the limitation of the natural mineral resources, the 
sustainable issue of transition metals has been more and more urgent. Although there is the 
existing technology of recycling the transition metal from used batteries. It is still urgent 
to find renewable electrode materials for future rechargeable batteries. Scientists have 
shown the possibility of lithium-organic battery.[38] Armand and Tarascon predicted the 
electrodes of the future lithium-organic battery are obtained from sustainable earth 
abundant biomass.[39] The life cycle of the Lithium-organic battery is shown in Figure 
1.5, where the electrode materials can be recycled from used batteries and carbon-based 
materials are extracted from the biomass as renewable electrode materials for energy 
storage devices.[39] Lithium Sulfur battery is another popular research topic since Sulfur 
is one of the most abundant elements in earth’s crust. Sulfur offers a theoretical capacity 
of 1672 mAh/g, which is one order of magnitude higher than the capacity of the existing 
trans-metal oxide cathode. Another advantage of the lithium Sulfur battery is the low cost 
of Sulfur as an industrial waste.[40, 41] 
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1.4 Chapter Organization 
1.4.1 Chapter 2 
Tetrahydroxyl-1,4-benzoquinone (THQ) was used as reducing agent and 
functionalizing agent simultaneously for the functionalized graphene hydrogel synthesis. 
By controlling the mass ratio between the THQ molecule and the GO suspension, the 
oxygen to carbon ratio of the electrode can easily be tuned. The electrochemical tests were 
carried out in both aqueous electrolyte and gel electrolyte. By optimizing the loading of 
THQ molecules, the functionalized graphene electrode showed high specific capacitance 
Figure 1.5 An organic future. Proposed sustainable organic-based batteries based on 
electrode materials made from biomass.  (Represented from Ref 39 copyright (2008), 
Rights Managed by Nature Publishing Group) 
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~409 F/g in 1M H2SO4 aqueous electrolyte and ~125 F/g in 1 M Li2SO4 aqueous 
electrolyte. In the H2SO4-PVA gel electrolyte, the specific capacitance was found ~315 F/g 
at 1 A/g. The cycling stability of the electrode increased significantly in the gel electrolyte 
compared with that in the aqueous electrolyte.  
1.4.2 Chapter 3 
Three quinone group molecules, p-xyloquinone (XQ), 2,5-Dihydroxy-1,4-
benzoquinone (DHQ) and 2,5-Dimethoxy-1,4-benzoquinone (DMQ), were used as the 
functionalizing agent in the synthesis of graphene electrode via hydrothermal reaction. The 
electrochemical performance of the electrodes was determined in 1M H2SO4 aqueous 
electrolyte. The DHQ functionalized graphene electrode showed the best performance over 
the three tested quinone group molecules, exhibiting an excellent specific capacitance ~511 
F/g at 1 A/g. This is the synergetic contribution of both the unique 3D microstructure and 
the integrated oxygen functional groups on the surface of the graphene layer. The DHQ 
functionalized electrode also showed a great cycling stability, maintained 90% of its initial 
capacitance after 2000 cycles.  
1.4.3 Chapter 4 
Summary and future research plan are presented.  
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 SELF-ASSEMBLED, THQ FUNCTIONALIZED 
GRAPHENE ELECTRODE IN AQUEOUS AND GEL 
ELECTROLYTE 
2.1 Introduction 
Electrochemical energy storage devices are critical to the development of electric 
vehicles and sustainable transportation. Electrochemical Capacitor (EC) also known as the 
supercapacitor or ultracapacitor, is one of the potential energy source for Electric Vehicles 
and Hybrid Electric Vehicles due to its high-power density and long cycle life. Popular 
electrode materials for ECs including Activated Carbon (AC), CNT and graphene have 
been intensively investigated over the past decades due to their outstanding 
physicochemical properties including high electrical conductivity, high surface area, high 
mechanical strength, high chemical stability and the abundance of carbon-based material 
compared to trans-metals. [4, 5] 
Graphene, a one-atom-thick graphite material, has been widely studied as the 
electrode material for SCs and lithium-ion batteries (LIBs).[42] It attracts significant 
attention due to its high electrical conductivity, low mass density and high specific surface 
area.[43, 44] In 2008, Michael, et al. showed the process of synthesizing the functionalized 
graphene from graphite.[45-47] With functionalization of graphene, it allows the SCs to 
store much more capacitance compared to the conventional Electric Double Layer 
(EDLCs) because of the surface redox storage mechanism, also known as the 
pseudocapacitance.[48] The synthesis of graphene hydrogels has been reported previously 
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by Shi et al in 2010.[49] With precise control of the synthesis condition, one can synthesize 
functionalized graphene hydrogel. Herein, we report a graphene-based material for 
supercapacitor electrode that provides a high specific capacitance of 409 F/g with a 
capacitance retention of ~70% after 5000 cycles in H2SO4-PVA gel electrolyte. 
2.2 Experimental 
2.2.1 Prepare of Graphene Hydrogel (GH) 
The Graphene Oxide single layer dispersion (GO) was prepared by oxidation of 
natural graphite powder according to the modified Hummers’ method with a concentration 
of 7 mg/ml.[50] 1.43 ml of the GO suspension was diluted to 10 mL (1 mg/mL) with DI 
water in glass vials. 2,5-Tetrahydroxy-1,4-benzoquinone (THQ, 98% purity, Sigma 
Aldrich) was added to the GO suspension at different mass ratios (1:1, 1:2, 1:4 and 1:10 
respectively as labeled in Figure 2.1(a)). To prepare the GH, the GO-THQ mixture was 
sonicated for 15 mins and then heated to 80 ℃ for 3 hours. Figure 2.1(b) shows the 
graphene hydrogels (GH) after the heat treatment. After heat treatment, the GHs were 
washed with DI water for several times to remove the excess THQ until the water become 
completely clear.  
2.2.2 Prepare of Supercapacitor electrode 
The synthesized THQ functionalized GH was immersed into the aqueous 
electrolyte overnight after washing with DI-water. Then the hydrogel was pressed at 10 kN 
for 3 mins to form a self-supported thin film with a thickness ranging from 18 to 35 um. 
The thin film was further cut into multiple electrodes with a diameter of 0.635 cm and a 
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dried mass around 0.6 mg. The dry mass was obtained by parallel measurement, where an 
electrode with the same mass was washed with water for several times to remove the 
electrolyte, then dried overnight in the vacuum oven. Similar processes were applied to 
THQ functionalized GHs with the different mass ratio to prepare the electrodes for the 
supercapacitor. The detailed information including mass, area, mass loading, thickness and 
density of the electrodes is given in Table 1. 
Table 1 Dimensions and specifications of the graphene electrode and the THQ 
functionalized graphene electrodes with different mass ratio. 










































2.021 0.039 0.518 
 
2.2.3 Prepare of H2SO4 gel-electrolyte 
The H2SO4 gel-electrolyte was prepared to fabricate the flexible solid-state 
supercapacitor. First, 1 g of Polyvinyl-Alcohol (PVA) was added to 10 ml of 1M H2SO4 
solution. The mixture was heated at 85 ℃  under stirring until it became transparent, 
homogenous mixture. Then the mixture was cooled to room temperature.[51] The Lithium 
Chloride gel-electrolyte was prepared with the similar method, where 1 g of PVA was 
added to 10 ml DI water. The mixture was heated at 85 ℃ under stirring until it became 
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transparent, homogenous mixture. Then 0.42 g of LiCl was added to the gel. The LiCl-






Figure 2.1 (a) GO-THQ mixture at different mass ratio before heat treatment. (b) 
Graphene hydrogel synthesized after heated for 3 hours. 
Figure 2.2 (a) Thin film obtained by pressing hydrogel at 10 KN for 3 minutes. (b) 
Electrode cut from the GH thin film. 
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2.2.4 Assemble the supercapacitor 
The prepared electrode was used to assemble supercapacitor for the electrochemical 
tests. The supercapacitor used a symmetric configuration (two electrode system), where no 
reference electrode was used in this experiment. As shown in Figure 2.3, two pieces of 
Platinum foils were used as the current collector of the supercapacitor. The electrode was 
placed onto the Platinum foil with the two electrodes separated by the Celgard 3510  
 
polypropylene membrane. The two current collectors were pressed together by two glass 
plates. The assembled cell was immersed into the electrolyte for the Cycle Voltammetry 
(CV), charge-discharge test and cycling stability test.  
Figure 2.3 Experimental setup for Cyclic Voltammetry (CV), Charge-Discharge test, 
Electrochemical Impedance Spectroscopy (EIS) and Cycling Stability test. 
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2.3 Results and Discussion 
2.3.1 Characterization 
The redox-active oxygen group on the surface of the graphene electrode can be 
manipulated by controlling the mass ratio of the GO and THQ. The electrode specifications 
are listed in Table 1, where the GO-THQ 1:10 electrode shows the maximum mass 
compared to the electrode with other mass ratios.  The Scanning Electron Microscope 
(SEM) images for the rGO electrode and the THQ functionalized graphene electrodes are  
 
Figure 2.4 Low-magnification Scanning Electron Microscope (SEM) images of the 
rGO aerogel and THQ functionalized graphene aerogel with different GO-THQ mass 
ratio. (a) rGO electrode, (b) GO-THQ 1:2, (c) GO-THQ 1:4 and (d) GO-THQ 1:10 
 17
shown in Figure 2.4, where the synthesized graphene hydrogel was freeze-dried before the 
SEM. As shown in Figure 2.4 (a), the rGO electrode has a rough surface but not as porous 
as the THQ functionalized graphene. For the THQ functionalized graphene electrode, it 
has an interconnected porous 3D structure. As the GO to THQ mass ratio increased, the 
microstructure became more porous. The GO-THQ 1:10 graphene electrode showed the 
most porous structure among all the characterized electrodes with the pore size ranging 
from several micrometers to ~20 micrometers in diameter. The highly porous structure has 
many advantages in charge storage. (1) The interconnected 3D structure has smaller 
internal resistance.[53, 54] (2) The pores within the electrode acting as channels for the ion 
transfer.[55, 56] By providing larger contacting area of the electrode and the electrolyte, it 
decreases the ion transfer distance, resulting in better performance for high-power 
applications.  
 
The X-ray Photoelectron Spectroscopy (XPS) scans of the rGO electrode and the 
THQ functionalized electrodes are shown in Figure 2.5 and Figure 2.6. In Figure 2.5, the 
wide scan survey of the electrodes showed the increase of oxygen/carbon ratio as the THQ 
concentration increase. The XPS C1s spectra of the electrodes showed the increase of the 
oxygen functional group (C=O) as THQ concentration increase in the electrodes.  
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Figure 2.6 XPS C1s spectra of the GO film and THQ functionalized electrodes with 
different mass ratios (1:4 and 1:10). 
Figure 2.5 XPS wide scan survey of the GO film and THQ functionalized electrodes 
with different mass ratios (1:4 and 1:10). 
 19
2.3.2 Electrochemical tests in 1M H2SO4 aqueous electrolyte 
Cycling Voltammetry (CV) scan was measured for the THQ functionalized GH 
electrodes and the RGO electrode. Figure 2.8 shows the CV curve of rGO electrode and 
THQ functionalized graphene electrodes from 0-1 V at a scan rate of 5 mV/s, where the 
CV curve of the rGO electrode exhibits a rectangular shape, which suggests pure 
EDLC.[57] In contrast, the CV curves for the THQ functionalized graphene electrodes 
show obvious redox peaks within the voltage range from 0.25 to 0.5 V and from 0.5 V to 
0.8 V. The reversible redox peaks imply the existence of pseudocapacitance.[58] The 
electrodes with the higher concentration of THQ showed larger redox peaks, this means 
that the pseudocapacitance is due to the functionalization of the THQ. During the heat 
treatment, H+ released from the THQ can reduce the oxygen functional groups on the 
surface of the GO. The reduced Graphene Oxide forms a hydrophobic gel, where the excess 
THQ and oxide THQ (C6O6Hx) were absorbed to the surface of the reduced GO by 𝜋- 𝜋 
interaction forming the functionalized graphene hydrogel.[59] Figure 2.7 shows the 
mechanism of the synthesis process, during which the GO and THQ mixture was heated to 
80℃ for 3 hours. The surface Oxygen functional group of the graphene electrodes can be 
systematically controlled by varying the concentration of THQ in the GO-THQ mixture. 
Therefore, additional redox-active oxygen functional groups can be incorporated onto the 
surface of the graphene electrode.  
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Figure 2.7 The mechanism of the synthesis process of the functionalized graphene. 
(Reprinted with permission, Ref 59 copyright (2014), Rights Managed by American 
Chemical Society Publishing Group) 
 
It is clearly shown in Figure 2.8, with the increase of the THQ concentration, the faradic 
peak shows a clear increase in the amplitude. This indicates the faradic peaks are due to 
the functionalization of the THQ, providing the redox reaction of the carbonyl group (C=O) 
with the proton in the electrolyte. The electrochemical redox reaction mechanism of THQ 
in 1M aqueous H2SO4 is shown as Equation 1.[47, 60]  
 
(1)                              
 The specific capacitance of the rGO electrode and THQ functionalized graphene 
electrodes can be calculated with the following Equation 2,[52, 61] 
𝐶 =  
∫  
∆ ∙ ∙
                                                                (2) 
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where C is the specific capacitance, I is the current,  ∆𝑉 is the scan rate, 𝑉 is the voltage 
window and m is the mass of the electrode. The specific capacitance of the GO-THQ 1:10 
electrode calculated to be 403 F/g based on the CV scan at 5 mV/s, which is significantly 
higher than the specific capacitance of the rGO electrode (211 F/g).  The CV scans for the 
THQ functionalized electrodes with the different mass ratio at various scan rate are shown 
in Figure 2.9. The CV curves showed rectangular shapes with redox peaks for scan rate 
from 5 mV/s to 50 mV/s. However, the CV curve distorted to an olive shape at 100 mV/s, 
which can be attributed to the larger resistance at the higher scan rate.[62] 
 
Figure 2.8 Comparison of the steady-state cycling voltammetry (CV) scans of  the  
rGO electrode and THQ functionalized graphene electrodes with different THQ 
concentration ratios of 1:1, 1:2, 1:4 and 1:10 in 1 M H2SO4 electrolyte, the voltage 
window of the CV was 0-1 V 
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The galvanostatic charge-discharge test was to measure the galvanostatic specific 
capacitance of the THQ functionalized graphene electrodes. The charge-discharge curves 
of the electrodes at the current density of 1 A/g are displayed in Figure 2.10. The charge-
discharge curve of the rGO electrode shows a rectangular shape, which indicates a pure 
Electrical Double Layer Capacitance. As the mass ratio of the electrode increase, the 
charge-discharge curve starting distorting. The charge-discharge curve of GO-THQ 1:10 
is clearly distorted, which attributes to the reversible redox reaction. The galvanostatic 
specific capacitance was estimated based on the charge-discharge curve using Equation 3, 
Figure 2.9 CV at scan rates of 5 mV/s, 10 mV/s, 20 mV/s, 50 mV/s and 100 mV/s for 
THQ functionalized graphene electrodes with different mass ratio. (a) GO-THQ 1:1, 
(b) GO-THQ 1:2, (c) GO-THQ 1:4 and (d) GO-THQ 1:10. 
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𝐶 =
2 ∙ 𝐼 ∙ ∆𝑡
𝑉
                                                                 (3) 
where I is the current density in A/g, V is the voltage window of the charge-discharge test, 
∆𝑡 is the discharge time in seconds.[52] The specific capacitance of the GO-THQ 1:10 
electrode was estimated to be 409.64 F/g, 345.38 F/g, 250.74 F/g, 163.24 F/g and 67.29 
F/g at 1 A/g, 2 A/g, 5 A/g, 10 A/g and 20 A/g. The galvanostatic specific capacitance of 
the rGO electrode and THQ functionalized graphene electrodes with the different mass 
ratio at 1-20 A/g are displayed in Figure 2.11., where only the GO-THQ 1:4 electrode and 
the GO-THQ 1:10 electrode showed higher specific capacitance compared with rGO 
electrode at all current densities. Thus, the cycling stability was only tested for the GO-
THQ 1:4 electrode and the GO-THQ 1:10 electrode at a current density of 5 A/g for 5000 
cycles using the experimental setup in Figure 2.3. The cycling stability results are shown 
in Figure 2.12. 
Figure 2.10 Galvanostatic charge-discharge curves of rGO electrode and THQ 
functionalized graphene electrodes with mass ratio of 1:1, 1:2, 1:4 and 1:10 in 1M 
H2SO4 electrolyte at current density of 1 A/g. 
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Figure 2.12 Galvanostatic specific capacitance of rGO electrode and GO-THQ 
electrodes with different mass ratio at 1, 2, 5, 10 and 20 A/g 
Figure 2.11 Cycling stability test of rGO electrode, GO-THQ 1:4 and 1:10 electrode 
in 1 M H2SO4 aqueous electrolyte at 5 A/g. Inserted the comparison of CV scans for 
GO-THQ 1:4 electrode before and after 5000 cycles of cycling stability test at scan 
rate of 5 mV/s. 
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The specific capacitance of the THQ functionalized graphene electrode decayed 
significantly (from 209 F/g to ~75 F/g) during the first 500 cycles. After 2000 cycles, the 
specific capacitance stabilized at ~65 F/g for the GO-THQ 1:10 electrode and ~50 F/g for 
the GO-THQ 1:4 electrode. The specific capacitance retention for the GO-THQ 1:10 
electrode is around 31%. The inserted figure showing the CV scan of the GO-THQ 1:4 
electrode at 5 mV/s before and after the cycling stability test. The redox peaks are obvious 
on the CV scan for the GO-THQ 1:4 electrode before the cycling stability test. However, 
the CV scan of the electrode after 5000 cycles in the 1M H2SO4 aqueous electrolyte only 
showed a rectangular shape, which indicates a pure EDLC charge storage. The dissolution 
the THQ molecules that functionalize the graphene is the main reason for the decay of the 
specific capacitance during the cycling test.[63] Figure 2.13 showed two CV scans of the 
same GO-THQ electrode at 5 mV/s with a time gap between two months. The CV scans 
also confirmed that the solvation of the function group is the main reason for the decay of 
the specific capacitance. The conductivity and ion transport of the THQ functionalized 
graphene electrode with different mass ratio was tested via Electrochemical Impedance 
Spectroscopy (EIS), the Nyquist plot is shown in Figure 2.14. The semicircle area on the 
Nyquist plot indicates the interfacial charge transfer resistance increases as the more THQ 
are loaded onto the surface of the graphene. The electrode higher GO-THQ mass ratio 
showed stronger deviation from the vertical line, implying a higher Warburg resistance, 





Figure 2.14 Steady-state CV scans of the same GO-THQ 1:10 electrode at 5 mV/s on 
two different dates with time difference of 2 months. 
Figure 2.13 Electrochemical Impedance Spectra of THQ functionalized graphene 
electrode with different mass ratio. 
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2.3.3 Electrochemical Tests in Li2SO4 
The electrochemical tests were also conducted in 1M Li2SO4 aqueous electrolyte 
for the GO functionalized graphene electrodes. The CV scans with two different voltage 
windows (0-1 V and 0-1.6 V) were carried out for the THQ functionalized graphene 
electrodes with different mass ratios. The CV curves from 0 to 1 V for the THQ 
functionalized graphene electrodes at different scan rates are shown in Figure 2.15.  
The CV scans of electrodes with the different mass ratio over various voltage 
windows are displayed in Figure 2.16. Reversible redox peak can be observed from 0.2 to 
0.5 V and 0.75-1.2 V. Figure 2.17 is the comparison of THQ functionalized graphene 
electrodes with different mass ratio at scan rate of 5 mV/s from 0 to 1.6 V. By using the 
1M Li2SO4 aqueous electrolyte, a larger voltage window can be used for the 
electrochemical supercapacitor, which increases the energy density of the cell. In Figure 
2.16, the THQ functionalized electrodes showed larger redox peak as the mass ratio of the 





Like the CV scan in 1M H2SO4 aqueous electrolyte, the GO-THQ 1:1 electrode did 
not show redox peak in the 1M Li2SO4 aqueous electrolyte, the rectangular shape of the 
CV scan indicates the GO-THQ 1:1 electrode has purely EDLC charge storage. Redox 
peak can be observed from 0.3 to 0.8 V for the GO-THQ 1:4 electrode. The specific 
capacitance was estimated using Equation 2, which gives a specific capacitance of 195.05 
F/g for the THQ functionalized graphene electrode at the mass ratio of 1:10.  
Figure 2.15 Steady-state CV scans at different scan rates, 5, 10, 20, 50 and 100 mV/s 
for THQ functionalized graphene electrodes with different mass ratio in 1 M Li2SO4
electrolyte from 0 to 1 V. (a) GO-THQ 1:1, (b) GO-THQ 1:2, (c) GO-THQ 1:4 and 
(d) GO-THQ 1:10. 
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Figure 2.17 Comparison of the steady-state CV scans of the THQ functionalized 
graphene electrodes with different mass ratio of 1:1, 1:2, 1:4 and 1:10 in 1 M Li2SO4
electrolyte, the voltage window of the CV was 0-1.6 V at scan rate 5 mV/s. 
Figure 2.16 Steady-state CV scans at 5 mV/s scan rate for THQ functionalized 
graphene electrodes with different mass ratio in 1 M Li2SO4 aqueous electrolyte using 
various voltage windows. (a) GO-THQ 1:1, (b) GO-THQ 1:2, (c) GO-THQ 1:4 and 
(d) GO-THQ 1:10.  
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 The galvanostatic charge-discharge curves for the electrodes are showing in Figure 
2.18. At 1 A/g current density, the GO-THQ 1:10 electrode showed a distorted charge-
discharge curve, which is consistent with the result of the CV scan. This confirms the 
redox-reaction between the functional molecule (THQ) and the Li+ ions since the redox 
peak increases as the concentration of THQ increases in the GO-THQ mixture.  
The galvanostatic specific capacitance was calculated with Equation 3 for the electrodes 
at different current densities. The current density dependent specific capacitance is shown 
in Figure 2.19. At 1 A/g, the GO-THQ 1:10 functionalized graphene electrode has a 
specific capacitance ~125 F/g. At a higher current density of 5 A/g, the GO-THQ 1:10 
electrode still showed a specific capacitance over 100 F/g, which is higher than other 
Figure 2.18 Galvanostatic charge-discharge curves of THQ functionalized graphene 
electrodes with mass ratio of 1:1, 1:2, 1:4 and 1:10 in 1 M Li2SO4 electrolyte at current 
density of 1 A/g. 
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electrodes with lower THQ concentrations. The cycling stability test was conducted at 1 
A/g in 1M Li2SO4 aqueous electrolyte for the electrode with the best electrochemical 
performance, which is the GO-THQ 1:10 electrode. as shown in Figure 2.20. 
Like the cycling stability result in the 1M H2SO4, the specific capacitance of the 
THQ functionalized graphene electrode decreased significantly within the first 100 cycles. 
And the specific capacitance stabilized after 200 cycles at ~75 F/g. Compared with the 
specific capacitance of the 1st cycle of the cycling stability test, the capacitance retention 
is around 35%. As previously discussed, this is due to the dissolution of the THQ molecule 
into the aqueous electrolyte. The inserted comparison between CV scans before and after 
Figure 2.19 Galvanostatic specific capacitance of GO-THQ electrodes with different 
mass ratio at current density of 1, 2, 5, 10 and 20 A/g. 
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the cycling stability test at 5 mV/s shows the disappearance of the redox peak during the 
cycling stability test.  
The dissolution of the quinone group molecules into the aqueous electrolyte is a 
common problem. This is due to the high solubility of THQ in water at room temperature 
(11g/L at 18 ℃).[65] The SEM images shown in Figure 2.4 demonstrates the porous 
structure of the electrode, where the THQ functionalized graphene electrodes showed 
larger pore size and more porous structure. The pores provide the access for the electrolytes 
to the active molecules that attached on the surface of the reduced GO via 𝜋- 𝜋 interaction, 
which improves the performance of the THQ functionalized electrodes. However, the pores 
Figure 2.20 Cycling stability test of GO-THQ 1:10 electrode in 1 M Li2SO4 aqueous 
electrolyte at 1 A/g for 1000 cycles. Inserted the comparison of CV scans for GO-THQ 
1:10 electrode before and after 1000 cycles of cycling stability test at scan rate of 5 
mV/s. 
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also increased the dissolution rate of the THQ molecules into the aqueous electrolytes, 
which is the main reason that caused the significant capacitance decrease in the first 200 
cycles of the cycling stability test. One potential solution to the poor cycling stability of 
the THQ functionalized graphene electrode is to use gel electrolyte. In the next section of 
this chapter, the THQ functionalized graphene electrodes were tested in H2SO4-PVA gel 
electrolyte and the results were compared with the results in the aqueous electrolyte.  
2.3.4 Electrochemical Tests in H2SO4/PVA Gel Electrolyte 
The performance of the THQ functionalized graphene electrodes was tested and 
compared with the rGO electrode in the H2SO4-PVA electrolyte. 
Figure 2.21 Comparison of the steady-state CV scans of the THQ functionalized 
graphene electrodes with different mass ratio of 1:1, 1:2, 1:4 and 1:10 in H2SO4-PVA 
gel electrolyte, the voltage window of the CV was 0-1 V at scan rate 5 mV/s. 
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The steady-state CV scans of the rGO electrode and the THQ functionalized electrodes in 
H2SO4-PVA electrolyte are shown in Figure 2.21. The GO-THQ electrode showed an ideal 
rectangular shape indicating pure EDLC charge storage. As the GO-THQ ratio increase 
from 1:1 to 1:2, redox peak starts showing. With the GO-THQ ratio further increasing, 
clear redox can be found in 0.25 - 0.5 V and 0.5 - 0.75 Von the CV curve. The specific 
capacitance of the GO-THQ 1:10 electrode was estimated to be ~360.56 F/g at 5 mV/s. 
The specific capacitance of the rGO electrode was estimated to be ~70 F/g at 5 mV/s. The 
improvement in the specific capacitance is credited to the carbonyl functional group 
attached to the surface of the electrode as well as the porous structure. However, the 
specific capacitance is smaller compared with the specific capacitance of GO-THQ 1:10 
electrode in aqueous H2SO4 electrolyte (403 F/g). The reason is the ion diffusivity and the 
internal resistance of the solid-state cell was larger than the aqueous system. The 
galvanostatic charge-discharge test was conducted at different current densities for both 
the rGO electrode and the THQ functionalized graphene electrodes to calculate the current 
density dependent specific capacitance. Figure 2.22 shows the galvanostatic charge-
discharge curves at 1 A/g for both rGO electrode and the THQ functionalized graphene 
electrodes. The rGO electrode showed an ideal triangular shape while the THQ 
functionalized graphene electrodes showed distorted charge-discharge curves due to 
pseudocapacitance. The current density dependent specific capacitance of all tested 
electrode was calculated with Equation 3 and shown in Figure 2.23. The GO-THQ 1:10 
electrode showed specific capacitance of ~314.39 F/g at 1 A/g, ~264.72 F/g at 2 A/g, 
~176.50 F/g at 5 A/g and ~90.06 F/g at 10 A/g, which is higher than other electrodes at all 
current densities.  
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Figure 2.23 Galvanostatic specific capacitance of rGO electrode and GO-THQ 
electrodes with different mass ratio at current density of 1, 2, 5 and 10 A/g. 
Figure 2.22 Galvanostatic charge-discharge curves of rGO electrode and THQ 
functionalized graphene electrodes with mass ratio of 1:1, 1:2, 1:4 and 1:10 in H2SO4-
PVA gel electrolyte at current density of 1 A/g. 
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The cycling stability of the GO-THQ 1:10 electrode is significantly improved in the 
H2SO4-PVA gel electrolyte. At the first cycle, the electrode showed a specific capacitance 
of 174.40 F/g, which is closed to the result of the charge-discharge test (176.50 F/g). After 
2000 cycles, the specific capacitance of the GO-THQ 1:10 electrode stabilized at 122 F/g, 
giving a capacitance retention of 70%, which is significantly higher than the 35% 
capacitance retention in the aqueous electrolyte. Figure 2.24(a) is the cycling stability of 
the GO-THQ 1:10 electrode in the H2SO4-PVA gel electrolyte. Figure 2.24(b) shows the 
capacitance retention of the GO-THQ 1:10 electrode during the cycling stability test. By 
replacing the aqueous electrolyte with the gel electrolyte, the dissolution of the THQ 
molecule can be reduced. Therefore, the cycling stability of the THQ functionalized 




Figure 2.24 (a) Cycling stability test of GO-THQ 1:10 electrode in H2SO4-PVA gel 
electrolyte at 5 A/g for 2000 cycles. (b) Capacitance retention of the GO-THQ 1:10 
electrode in 1M H2SO4 aqueous electrolyte and H2SO4-PVA gel electrolyte.  
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2.4 Conclusion 
In this work, the THQ functionalized graphene electrode was synthesized from the 
mixture of the GO dispersion and THQ at different mass ratios at a low temperature of ~80 
℃ within a short period time of 3 hours under atmosphere condition. The THQ was using 
as the reducing and functionalization agent simultaneously. The surface chemistry of the 
graphene electrode can be controlled by the mass ratio between the GO and THQ, which 
is the concentration of THQ relative to the concentration of the GO dispersion. The 3D 
functionalized graphene electrodes were characterized with SEM to study the 
microstructure of the electrode. XPS was also used to study the surface chemistry of the 
electrodes. The THQ functionalized graphene electrodes were tested in both aqueous 
electrolyte and gel electrolyte to study the electrochemical performance of the electrode. 
In the 1 M H2SO4 aqueous electrolyte, the THQ functionalized graphene electrode showed 
a maximum specific capacitance of 409 F/g at the current density of 1 A/g. In the 1 M 
Li2SO4 electrolyte, the electrode also showed outstanding electrochemical performance 
with a specific capacitance of 125 F/g at the current density of 1 A/g, which makes the 
THQ functionalized graphene electrode a potential solution to the hybrid supercapacitor 
capacitive electrode. The cycling stability of the THQ functionalized electrode in aqueous 
electrolyte is suffering from the dissolution of the THQ molecule into the electrolyte. This 
could be reduced by replacing the aqueous electrolyte with gel electrolyte. The THQ 
functionalized graphene electrode was tested in the H2SO4-PVA gel electrolyte, giving a 
specific capacitance of 314 F/g at the current density of 1 A/g. The cycling stability of the 
THQ functionalized graphene electrode was significantly improved in the gel electrolyte, 
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giving a capacitance retention over 70% after 2000 cycles at 5 A/g, compared with the 
~35% capacitance retention in aqueous electrolytes.  
Overall, THQ is an effective additive to the graphene electrode that simplifies the 
synthesis process of the graphene electrode as well as boosts the electrochemical 
performance of the graphene electrode in both aqueous and especially in the gel electrolyte. 
The improvement of the specific capacitance is credited to the porous microstructure and 




 QUINONE-GROUP MOLECULES AS 
FUNCTIONALIZATION AGENTS FOR GRAPHENE 
ELECTRODES IN SUPERCAPACITORS.  
3.1  Introduction  
 The quinone group molecules have been widely investigated as functionalization 
agent for carbon-based electrodes including graphene, AC and CNT.[58, 66-68] The 
quinone group is used for electron and proton storage and exchange during redox cycling. 
Molecules like hydroquinone (HQ) and p-Benzoquinone (pQ) and 9,10-
phenanthrenequinones (PQ) have been used as functionalizing agents for graphene.[69, 70] 
The quinone molecule functionalized electrode showed outstanding electrochemical 
performance in supercapacitors due to the faradic reaction between the electrolyte and the 
carbonyl functional group integrated to the surface of the electrode.[60] 
 In this work, three quinone group molecules, p-xyloquinone (XQ), 2,5-Dihydroxy-
1,4-benzoquinone (DHQ) and 2,5-Dimethoxy-1,4-benzoquinone (DMQ) were studied and 
tested as functionalizing agent for the graphene electrode. The hydrothermal reaction was 
carried out at 165 ℃  for 16 hours. The H+ ions released from the water during the 
hydrothermal reaction reduced the oxygen functional group on the surface of the graphene 
layer.[49] The quinone group molecules were incorporated onto the surface of the reduced 
graphene oxide due to the 𝜋- 𝜋 interaction. The mass ratio of the GO and quinone molecule 
was maintained at 1:1 for all three electrodes. Over these three quinone group molecules 
functionalized electrode tested, the GO-DHQ electrode showed the best electrochemical 
performance with a specific capacitance of 511 F/g in 1 M H2SO4 aqueous electrolyte at 
the current density of 1 A/g. It exhibits a unique 3D microstructure that provides short ion 
transfer distance and direct contact of the electrolyte to both sides of the graphene layer. 
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The DHQ functionalized graphene electrode also showed great capacitance retention, it 
stabilized at 90% of the initial capacitance after 2000 cycles of charge-discharge at 50 
mV/s. While the DMQ functionalized graphene electrode only maintained ~70% of its 
capacitance after the cycling stability test. 
 
3.2 Experimental 
3.2.1 Preparation of the Graphene Hydrogel 
The graphene oxide single layer dispersion (GO) was prepared by oxidation of 
natural graphite power according to the modified Hummers’ method with a concentration 
of 7 mg/ml.[50] 4.29 ml of the GO suspension was diluted to 15 mL (2 mg/mL) with DI 
water in glass vials. 2,5-Dihydroxy-1,4-benzoquinone (DHQ, 98% purity, Fisher 
Chemicals), p-xyloquinone (XQ, TCI chemicals, 98% purity), or 2,5-dimethoxy-1,4-
benzoquinone (DMQ, TCI chemicals, 98% purity) was added to the GO suspension at the 
mass ratio of 1:1. To prepare the GH, the mixture of GO and quinone group molecule was 
sonicated for 15 mins and then sealed in a Teflon-lined autoclave for a hydrothermal 
reaction at 165 ℃ for 16 hours. Figure 3.1a shows the mixtures of GO and quinone group 
molecules; Figure 3.1b shows the functionalized GHs obtained from the hydrothermal 
reaction. After the hydrothermal reaction, the GHs were washed with DI water for several 




3.2.2 Prepare the supercapacitor electrodes 
The synthesized quinone group molecules functionalized graphene hydrogels were 
immersed into 1 M aqueous H2SO4 electrolyte overnight after washing with DI-water. Then 
the hydrogel was pressed at 10 kN for 3 mins to form a self-supported thin film with a 
thickness ranging from 25 to 35 um. The thin film was further cut into multiple electrodes 
with a diameter of 0.635 cm and a dried mass around 0.52 mg. The dry mass was obtained 
by parallel measurement, where an electrode with the same mass was washed with water 
for several times to remove the electrolyte, then dried overnight in the vacuum oven. 
Similar processes were applied to all three quinone functional functionalized GHs to 
prepare the supercapacitor electrodes. The detailed information including mass, area, mass 
loading, thickness and density of the electrodes is given in Table 2. 
 
Figure 3.1 (a) GO-XQ 1:1 mixture, GO-DMQ 1:1 mixture and GO-DHQ 1:1 mixture 
before the hydrothermal reaction. (b) The GO-XQ, GO-DMQ and GO-DHQ 
graphene hydrogel obtained from the hydrothermal reaction at 165 ℃ for 16 hours. 
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Table 2 Dimensions and specifications of the DMQ functionalized graphene electrode, 
DHQ functionalized graphene electrodes and XQ functionalized graphene electrode 
at GO to molecule mass ratio of 1:1. 






























2.368 0.036 0.658 
 
3.2.3 Assemble the supercapacitor 
The prepared electrode was used to assemble supercapacitor for the electrochemical 
tests. Like the previous chapter, the supercapacitor used a symmetric configuration (two 
electrode system), where no reference electrode was used in this experiment. Two pieces 
of Platinum foils were used as the current collector of the supercapacitor. The electrode 
was placed onto the Platinum foil and separated by the Celgard 3510 polypropylene 
membrane. The two current collectors were pressed together by two glass plates. The 
assembled cell was immersed into the electrolyte for the Cycle Voltammetry (CV), charge-
discharge test. Instead of immersing the cell into the electrolyte, the cell was wrapped by 
the parafilm after adding electrolyte into the cell for the cycling stability test to reduce the 
dissolution of the quinone molecules.   
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3.3 Result and Discussion 
3.3.1 Characterization 
The prepared functionalized graphene hydrogels were freeze-dried with the 
Labconco Freezone 2.5L benchtop freeze dryer. The Scanning Electron Microscope (SEM) 
images of the functionalized graphene aerogel with different molecules were taken with 
Hitachi SU8010 SEM at 3 KV. The images are shown in Figure 3.3. 
Figure 3.2 Experimental setup for the cycling stability test. The cell was assembled 
and then wrapped with parafilm to avoid evaporation of the electrolyte. Instead of 
immersing the electrode into excess amount of electrolyte, this experimental setup is 
helpful to improve the cycling stability of the electrode in aqueous electrolyte.  
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Figure 3.3a shows the microstructure of the XQ functionalized graphene, which is an 
interconnected porous structure. The microstructure of the DMQ functionalized graphene 
shown in Figure 3.3b is similar to the microstructure of the XQ functionalized graphene 
but more porous. However, the microstructure of the DHQ functionalized graphene is 
clearly different from Figure 3.3a and Figure 3.3b. Instead of the porous structure, it 
consists of large graphene layers with rough surfaces. The surface area of the characterized 
materials needs further study with the gas absorption test to determine which graphene 
aerogel has the maximum specific surface area. The unique microstructure of the GO-DHQ 
electrode gives a direct contact with the electrolyte, which shortens the time for ion  
Figure 3.3 Low-magnification Scanning Electron Microscope (SEM) images of the 
quinone group molecule functionalized graphene aerogels. (a) XQ functionalized 
graphene aerogel, (b) DMQ functionalized graphene aerogel, (c) and (d) DHQ 
functionalized graphene aerogel.  
50 um 50 um 
50 um 50 um 
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penetration and provides higher capacitance at high current density. The gap between the 
graphene layers make both side of the graphene layers accessible to the electrolyte, which 
further increase the electrochemical performance of the DHQ functionalized graphene 
electrode.  
The surface chemistry of the synthesized aerogels was characterized using the 
Thermo K-alpha X-ray Photoelectron Spectroscopy (XPS). Figure 3.4 is the XPS wide 
scan survey of the quinone group molecules functionalized electrodes. The GO-DHQ 1:1 
electrode showed the highest oxygen to carbon ratio compared with the GO-XQ 1:1 
electrode and the GO-DMQ 1:1 electrode. Figure 3.5 exhibits the C1s spectra of the 
electrodes. Interestingly, the GO-DMQ 1:1 electrode showed a slightly higher carbonyl 
group (C=O) peak compared to the GO-DHQ electrode and GO-XQ electrode. The reason 
for the phenomenon may relate to the methoxy group, methyl group and hydroxy group in 




Figure 3.4 XPS wide scan survey of the quinone group molecules functionalized 
electrodes at 1:1 mass ratio. (top) GO-XQ 1:1 electrode, (middle) GO-DMQ 1:1 
electrode, and (bottom) GO-DHQ 1:1 electrode. 
Figure 3.5 XPS C1s spectra of the quinone group molecules functionalized electrodes 
at 1:1 mass ratio. (top) GO-XQ 1:1 electrode, (middle) GO-DMQ 1:1 electrode, and 
(bottom) GO-DHQ 1:1 electrode. 
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3.3.2 Electrochemical tests in 1M H2SO4 aqueous electrolyte 
The electrodes were synthesized under exact same condition (165 ℃ for 16 hours) 
and same concentration ratio between the GO and quinone group molecules (1:1). The self-
assembled quinone group molecule containing graphene hydrogel was formed due to the 
reduction of the H+ and the hydrophobic character.[71] The quinone group molecules were 
attached to the graphene electrode with the 𝜋-𝜋 stacking interactions with the graphene 
sheets and were used as the functionalization agent to provide redox-active functionalities. 
The other function of the quinone group molecule is avoiding the aggregation of the 
graphene sheet and providing ion transport channels. The different functional groups 
incorporated onto the surface of the graphene can provide different microstructures and 
electrochemical performance.  
 
Figure 3.7 Redox charge storage mechanism of the GO-DMQ electrode. 
 
Figure 3.6 Two-dimensional structures of quinone group molecules. 
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The Redox charge storage mechanism of the DMQ functionalized graphene 
electrodes are shown as Figure 3.7. The XQ and DHQ functionalized graphene electrodes 
have the same redox charge storage mechanism as DMQ. [64] 
The steady-state CV scans at 5 mV/s of the rGO electrode and the quinone group 
molecule functionalized electrodes are shown in Figure 3.8. All three electrodes showed 
reversible redox peak within 0.1 - 0.4 V and 0.7 – 0.9 V.  The CV scans of the DHQ 
functionalized graphene electrode showed the maximum redox peak followed by the DMQ 
functionalized electrode and the XQ functionalized electrode showed minimum redox peak 
among the three electrodes. The CV scan of rGO electrode was also plotted on Figure 3.8 
as a reference for the quinone group functionalized electrodes. The rGO electrode has an 
ideal rectangular CV shape, indicating a pure EDLC charge storage mechanism. The 
specific capacitance of the electrodes was estimated using Equation 2, where the XQ 
functionalized graphene electrode has the lowest specific capacitance of ~158.42 F/g 
compared to ~211.02 F/g for the rGO electrode. The DHQ functionalized graphene 
electrode showed the highest specific capacitance of 505.51 F/g and the DMQ has a 
specific capacitance of 316.94 F/g at 5 mV/s.  
 The CV scans of the rGO electrode and the functionalized electrodes at scan rate 
from 5 mV/s to 100 mV/s are shown in Figure 3.9. As the scan rate increased from 50 
mV/s to 100 mV/s, the contribution of pseudocapacitance decreased indicated by smaller 
redox peaks and the deformation of the scan curve. Figure 3.9 (d) shows the comparison 
of CV scans of the functionalized graphene electrodes and the rGO electrode. At the scan 
rate of 50 mV/s, there were obvious redox peaks on the CV scans for the DHQ 
functionalized electrode. This is due to the robust incorporation of the quinone 
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functionalization group onto the surface of the graphene sheets. The area under the DHQ 
functionalized electrode CV scan is about 100% larger than the area under the CV scan of 
the rGO electrode at the scan rate of 50 mV/s, which qualitatively indicates a greater 
specific capacitance. However, the specific capacitance of GO-XQ electrode showed lower 
specific capacitance than the rGO electrode at 50 mV/s based on the area under the CV 
scans. 
Figure 3.8 Comparison of the steady-state CV scans of the rGO electrode and quinone 
group molecule functionalized graphene electrodes in 1 M H2SO4 electrolyte at scan 
rate of 5 mV/s, the voltage window of the CV is 0 – 1 V. 
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 The galvanostatic charge-discharge test of the tested electrodes at the current 
density of 1 A/g is shown in Figure 3.10, where both the GO-DHQ electrode and the GO-
DHQ electrode showed reversible redox reaction on the curve. Compared with the ideal 
triangular shape of the rGO electrode charge-discharge curve, the GO-DHQ and GO-DMQ 
curves confirmed the synergistic contribution of EDLC and pseudocapacitance since the 
galvanostatic charge-discharge curve of the functionalized electrode exhibited different 
slopes between 0.2 to 0.5 V and 0.75 to 0.9 V. The galvanostatic charge-discharge test was 
conducted at 0.5 A/g, 1 A/g, 2 A/g, 5 A/g and 10 A/g.  
Figure 3.9 Steady-state CV scans at different scan rates, 5, 10, 20, 50 and 100 mV/s 
for quinone group molecule functionalized graphene electrodes in 1 M H2SO4
electrolyte at 0-1 V. (a) GO-DHQ 1:1 electrode, (b) GO-DMQ 1:1 electrode, (c) GO-
XQ 1:1 electrode. (d) Comparison of steady-state CV scans of rGO electrode and 
quinone group functionalized electrodes at 50 mV/s scan rate, voltage window 0-1 V.
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The current density dependent specific capacitance was estimated with Equation 3. Figure 
3.11 presents the specific capacitance of the electrodes at 0.5 A/g, 1 A/g, 2 A/g, 5 A/g and 
10 A/g, where the GO-DHQ 1:1 electrode showed highest specific capacitance at all 
current densities. At 0.5 A/g and 1 A/g, the GO-DHQ 1:1 electrode showed an excellent 
specific capacitance of 563.83 F/g and 511.11 F/g. Even at the high current density of 10 
A/g, the GO-DHQ 1:1 electrode has the specific capacitance of 236.36 F/g, which is almost 
three times higher than the 84.29 F/g for the rGO electrode. This is due to the faradic 
reaction between the carbonyl functional group incorporated to the surface of the graphene 
layers. The unique microstructure of the GO-DHQ electrode also contributes to the 
excellent specific capacitance at high current densities. The SEM image of the GO-DHQ 
Figure 3.10 Galvanostatic charge-discharge curves of rGO electrode, GO-DHQ 1:1 
electrode, GO-DMQ 1:1 electrode and GO-XQ 1:1 electrode in 1M H2SO4-aqueous 
electrolyte at current density of 1 A/g. 
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1:1 electrode demonstrate a microstructure of large piece of graphene layer with rough 
surfaces and large gap between graphene layers. The microstructure provides instant 
contact of the electrolyte with the active material in the electrode. It allows the electrolyte 
ions contact both sides of the graphene layer and provides short ion transfer distance, which 
gives a high specific capacitance at high current density. 
 Figure 3.12 shows the cycling stability of the quinone group molecules 
functionalized electrodes from 1 to 2000 cycles at a scan rate of 50 mV/s. The cycling 
stabilities of the functionalized graphene electrodes were compared with the cycling 
stability of rGO electrode. The GO-DHQ 1:1 electrode has the best cycling stability among 
Figure 3.11 Galvanostatic specific capacitance of rGO electrode, GO-DHQ 1:1 
electrode, GO-DMQ 1:1 electrode and GO-XQ 1:1 electrode at current density of 1, 
2, 5 and 10 A/g. 
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all the tested electrodes with the highest capacitance retention of ~90% after 2000 cycles 
at 50 mV/s. The GO-XQ 1:1 electrode and the rGO electrode both have ~85% capacitance 
retention after 2000 cycles. The GO-DMQ electrode showed the worst cycling stability, 
stabilized at ~70% capacitance retention. The increase in the cycling stability of quinone 
group molecules functionalized electrode is may be due to the hydrothermal reaction at 
high temperature (165 ℃) and long duration (16 hours), which can facilitate the stacking 
of the graphene sheets. The redox-active molecules may be inserted between the graphene 
sheets during the hydrothermal reaction. As the redox-active molecules were strongly 
integrated into the graphene electrode, the dissolution of the functionalization groups was 









Figure 3.12 Cycling stability test of quinone group molecules functionalized electrode 





In this work, p-xyloquinone (XQ), 2,5-dihydroxy-1,4-benzoquinone (DHQ) and 2,5-
dimethoxy-1,4-benzoquinone (DMQ) were used as functionalization molecules for the 
graphene electrode.  The mixture of 2 mg/ml GO suspension and functionalization 
molecule at the mass ratio of 1:1 was put into a Teflon-lined autoclave for a hydrothermal 
reaction at 165 ℃ for 16 hours. Part of the obtained graphene hydrogels were pressed and 
cutting into electrodes for electrochemical tests, while the rest of the obtained graphene 
hydrogels were freeze-dried and characterized with SEM and XPS. 
The GO-THQ has a unique microstructure of large pieces of functionalized graphene 
layers with rough surfaces. This provides a direct contact of the electrolyte and both sides 
of the graphene layers. The XPS result indicates the GO-DHQ 1:1 electrode has the largest 
Carbon to Oxygen ratio due to the integrated oxygen functional groups.  
 The quinone group functionalized electrodes exhibits the existence of 
pseudocapacitance. The DHQ functionalized graphene electrode showed the best 
electrochemical performance, a specific capacitance at ~511 F/g at the current density of 1 
A/g. At the high current density of 10 A/g, the GO-DHQ 1:1 electrode maintained a specific 
capacitance of ~236 F/g, which is almost 3 times higher than the specific capacitance of 
the rGO electrode. The excellent electrochemical performance of the GO-DHQ 1:1 
electrode is due to the joint contribution of the unique 3D microstructure and the surface 
chemistry. In terms of cycling stability, the GO-DHQ 1:1 electrode stabilized at ~90% 
capacitance retention after 2000 cycles of scan at 50 mV/s. While the GO-DMQ only 
maintained ~70% of its initial capacitance after 2000 cycles. The reason for the improved 
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cycling stability may be due to the elevated reaction temperature and reaction time of the 
hydrothermal reaction, which can facilitate the integration of the oxygen functional groups 
between the graphene sheets.  
  
 56
 CONCLUSION AND OUTLOOK 
In the first part of this thesis, the charge storage mechanism and electrochemical 
performance of redox-active organic molecule (THQ) functionalized graphene electrode in 
different electrolytes were investigated. The reduced graphene electrode was also tested as 
the reference to the THQ functionalized graphene electrode. In 1 M H2SO4 aqueous 
electrolyte, the THQ functionalized graphene electrode showed specific capacitance of 
~409 F/g at 1 A/g compared to ~189 F/g of the rGO electrode. The THQ functionalized 
graphene electrode suffers from the dissolution of the molecules into the aqueous 
electrolyte, maintained only 35% of its original capacitance after 5000 cycles at 5 A/g 
current density, compared with ~80% of the rGO electrode. In 1 M Li2SO4 aqueous 
electrolyte, the THQ functionalized electrode also showed the great performance (~125 
F/g), making it a potential electrode material for the Li-ion hybrid capacitors. The THQ 
functionalized electrode was also tested in H2SO4-PVA gel electrolyte with a specific 
capacitance of ~315 F/g at 1 A/g. The capacitance retention of the THQ functionalized 
electrode stabilized at ~80% after 2000 cycles at 5 A/g, increased from 35% in the aqueous 
electrolyte. The increase in specific capacitance is due to the synergetic contribution of the 
porous microstructure and the pseudocapacitance of the oxygen functional group. The 
improved cycling stability in the gel electrode makes the THQ functionalized graphene 
electrode a promising electrode material for flexible solid-state supercapacitor.  
In the second part of this thesis, three quinone group molecules, p-xyloquinone 
(XQ), 2,5-Dihydroxy-1,4-benzoquinone (DHQ) and 2,5-Dimethoxy-1,4-benzoquinone 
(DMQ) were used as functionalization agent of the redox-active graphene electrode. The 
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electrodes were synthesized via hydrothermal reaction at 165 ℃  for 16 hours. DHQ 
functionalized electrode showed excellent electrochemical performance, 511 F/g at 1 A/g 
and 236 F/g at 10 A/g, which is almost 3 times higher than the specific capacitance of the 
rGO electrode. The improvement of the electrochemical performance is credited to the 
incorporated oxygen functional group and the unique 3D microstructure of the electrode. 
The interconnected graphene layers provide low internal resistance and the direct contact 
of the electrolyte with both sides of the functionalized graphene layers provide channels 
for ion transfer and shorten the ion transfer distance. Due to the high-temperature 
hydrothermal reaction, the redox-active molecules were robustly integrated to the graphene 
layers, which greatly improved the cycling stability of the quinone group functionalized 
graphene electrodes. After 2000 cycles, the GO-DHQ 1:1 electrode stabilized at ~90% of 
its initial capacitance.  
More works have been already scheduled after the completion of this thesis. More 
characterizations of the electrodes are necessary to determine the specific surface area of 
the electrodes and the surface chemistry of the electrode after the cycling stability test. The 
electrode will be synthesized at different mass ratio between the GO and redox-active 
organic molecule to determine the optimal performance of the electrode. Other synthesis 
methods of the functionalized electrode will also be tested for the possibility of mass 
production with lower manufacturing cost. Assembling yarn supercapacitor consist of 
DHQ functionalized graphene as the power source for wearable devices is also part of the 
future works.[72-75] Cycling stability of the electrode will be determined for more cycles. 
The functionalized electrodes will also be tested as Li-ion battery cathodes.[76, 77]  More 
fundamentally investigation related to the roles of the methoxy group, methyl group and 
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hydroxy group during synthesis process and the electrochemical test will be completed and 
it will be the critical reason why the GO-DHQ electrode showed better performance 
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